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6۷۳۷۰۰۳۰۸۰۷۲۸۷۳ I 


INTRODUCTION 


With the rapid increase in offshore exploration and con- 
uui Tor in the 1070'S, the need to determine quality geotech- 
mical Oe ie or MM TANE Sediments has greatly increased. 
nee the initial stages of off-shore developments in shallow 
Gulf of Mexico waters in the late 1940's, submarine soil testing 
has been required in progressively deeper water. Testing is 
p ubplsbemEEGceonpiysHed in water depths exceeding 1000 feet 
Beushan, et. al. ref. 3) from dynamically positioned drillships 
and samples have been taken from depth exceeding 3 miles (ref. 
20). As the water depths increase, the structures being construc- 
ted are designed to — larger and larger vertical and lateral 
Macas. amplıiying the requirement for quality geotechnical- pro- 
pau determination for the design of their foundations. There 
Eo standapbdtzed procedures for obtaining geoteehnieal pro- 
perties and there is no agreement within the off-shore design/ 
construction community as to what tests (in-situ or laboratory) 
are the best for determining geotechnical properties. Eide (ref. 
5) in his comprehensive review of applications of soil mechanics 
to off-shore structures in 1974, pointed out that most of the 
available drilling and sampling techniques were rather crude and 
result in significant disturbance of tie sample. nenes 75 
See, teses on such Samples show great scatter making the selection 
GE enara ters very difficult. 

٣۶٠٠٠٠٠٠٠٠٠٠٠٠۷۰ ٣۰٠٠٠٦٠٦-٠٦٦ ٥٦۲۰۱۱۰ 18487677 6 being used almost exclu- 


Rose seatloor foundations on marine clay. 





2 
McClellan (ref. 11) presented design procedures which are currently 
EE erte epes, Ine. for ocean foundations. 
These procedures which have been generally accepted by the pro- 


fession involve equations of the following types: 


H. P ov + 2 SÉ y 
where: ps = ob econ Capacity of a pile 
A = frictional capacity coefficient 
@. = Mean effective vertical pressure for depth 
m ۱ 
of pile embedment 
C = mean undrained shear strength for depth of 


In pile embedment 
A. - surface area of embedded pile 
uu uc MF. D presented the following equation for the 


uplift resistance of an embedded plate (anchor) in cohesive soils: 


DLE each Aut el 16-271 1-2 


where: Q. < ۳ ۵۳ ۱۱۳۱ ۱ ۱ capacity ora plate 


NR = pito capacity factor 
C ed shear strength near the plate elevation 
A = projected area of the plate 
B = one-half the width of the plate 
L = the length of the plate 


1! ۱٢١٢ I tti. (6) presented the following equation for 


ee EEN of a Looting on the ocean floor: 


= K No C FaK 


T =‏ 
1-3 ۷ ۶۶۶۹۶۶“ 780+ دو تد 


2 


where: ult " ۱۳۲ UcImate bearing capacity of the footing 


KK, = Shape coefficients 





aaa, = bearing capacity factors 
7 "5<": 3116-51176776 082 
۰ ٠ت‎ ۱7700۳۳ 660۲۲661 7377 


۳٠٠٠٠٠٦٦0٦٦6٦٦٠٠ ۰۰٠٠ 11124 O! ۱ ۵۵ با‎ 
D = depth of footing base below mudline 

mie JO o C, the undrained shear strength, is the key 
iie in each of the above equations. There is no agreement as 
۱ ۷۱6 best method for determining C. in this paper, the author 
1 locus on one procedure for devermining undrained shear 
Strength of marine clays by utilizing combined vane and direct 
spear tests which will provide quality, economical data from re- 
latively "undisturbed" samples. Furthermore, an attempt is made 
to corroborate the equipment and test procedures used by Webb 
(ref. 21) and to expand his data and theory for shear strength 
envelope to determine application to a general case versus a 
Specific case. This investigation will study the relationship 
between the direct shear test and the vane shear test as deter- 
Med rom a combined analysis of clay samples from the Pacific 
Ween, the Guilt of Mexico and the Atlantic Ocean. 

The equipment used was: a) direct shear device modified to 
receive a relatively "undisturbed" marine sample, to have a re- 
med vertical loading system, and to provide electronic print- 
eur of data, bob) vane shear device modified to provide constant 
EE ena Clectronic printout of data. 

Consolidated undrained (CU) tests were conducted on samples 
bnew were consolidated under varying normal loads in the direct 
rearsmachimesssihese direct shear tests were followed imme- 


diately by vane shear tests on those same samples, performed 





l| 
while the samples remained in the direct shear box. The data was 
۳۱۲ ۲۲۵ and analyzed@and a general theory proposed that will des- 
Abe the entire Strength envelope of marine clays utilizing 
9 two samples. Acceptance of this theory will greatly reduce 
the number of samples and testing required to determine the 


۰٠۰٠٠٠٦٦1۶2 br envelope of a marine clay. 





CHAPTER II 


DISCUSSION OF SHEAR STRENGTH 


NI - Jj MeL rod So UO eCe a Analy zinen Data 

Por determining the shear strength of today's marine clays the 
sacar ana PenNetCrometer tests are prinarily utilized In-situ, 
LIC CHE vane shear and triaxial test are most often- used in 
mac laboratory. For terrestial soils, the triaxial test is con- 
sidered to provide the best results because it has better control 
exer stress, strain, pore pressure measurement and it does not 
Mave a pre-determined failure plane. However, primarily due to 
sampling methods, recovery and handling, the triaxial shear 
encon Vesu 15 NOv a5 reliable when dealing with marine solis. 
IM Lhe marine environment we are forced to cope with materials 
whose moisture contents are near or exceed the liquid limit 
a ucure l). -+ Historically, the direct shear test on a marine 
clay has been thought to be unreliable because of unknown drain- 
age conditions. However, the author feels that under controlled 
Conditions the direct shear test can provide reliable results. 
lx urect sbeapP test utilized in conjunction with the vane 
shear test will be investigated in this paper. 

RNS 0 60۰٣۰ 0۳۱۳۳۰۷۰۱۰۰ lO kjo Oo 13 widely used TO determine 
Shear strength of marine clays. There are several types of pene- 
Mrs mevers, all cof wmhieh basically involve transeribing tae. pene= 
E CIO CNET CO values. TOT sacar SCrength. -Figure 2 12s repre- 
Aati ne of a typical cone penetrometer. This method has the 
Bee inet advantage Of providing a continuous strensth profile 


with depth. The cone penetrometer is usually used in conjunction 





Ia vane shear device. The vane is essentially used to 
"calibrate" the penetrometer profile. Such a system is used by 
the Naval Civil Engineering Laboratory (NCEL) on the DOTIPOS 
(Deep-Ocean Tests in Place and Observation System) retrievable 
platform. Figure 3 represents correlations resulting from this 
moe Of combined testing. 

Som SENSITIVITY io inportant when considering the shear 
strength of marine clays. Sensitivity is defined as the "undis- 
turbed" shear strength divided by the "remolded" shear strength 
(figure 4). Table 1 indicates the range of values of sensiti- 
vity. Some highly sensitive clays have little or no strength 
[erence ne disturbed. There appears to be a close relationship 
between liquidity index and sensitivity (Buchan, et. al., ref. 
۳ sensitive Clays with high moisture content have liquidity 
Mies much greater than one. 11 has been shown that abrupt 
nenes in moisture content bring about abrupt changes in sensi- 
mily (Buchan, et.al., ref. 15). 

۸1٢ تت‎ 111 ١ 7 21711 ۱ 17 1117 5117 107635 WIrN 
ssh below the mudline, while water content and void ratio de- 
ise. Table 2 gives a good indication as to the typical mag- 
nitudes of shear strength values that can be expected. Shear 
Beete Of marine clays range rom values as low as 0.1 psi 
moma Wes exceeding 5.0 psi, at water contents ranging between 
30% and 300% (Noorany, ref. 13). Calcareous oozes indicate an 
mu c3umsd sneugrestprenseth oot 0.5 to 2.5 psis These values are 
surprisingly low for such deep burial (400-500 feet below mudline) 
na vocs5pobdDP ehe result or a high degree of disturbance 


(Noorany, ref. 13). Attempts have been made to simulate in-situ 








T 
Gemareions by Consolidating ina triaxial cell at effective over- 
iron pressure. The results were values for strength in excess 
Cue) times the undrained vane strength. The difference again 
Wes attributed to disturbance and change in the stress system as 


eeresult of sampling. 


۱۳۲ .< Hiteets of Loading History on shear Strength 

Noorany (ref. 13) summarized the relationship between shear 
strength and consolidation for marine sediments. There are areas 
in the oceans where sediments accumulate at such a high rate 
that there is not adequate time for consolidation; pore pressure 
metas Up, resu_ting in a soil that has very little strength for 
great depths. These sediments are termed under-consolidated. 
lMuccrea off-thesmonunth of the Mississippi River is such a region, 
TNE all estimated deposition ol approximately 1,500,000 tons 
9 material daily. Shear strength values determined in 250 feet 
@m underconsolidated clay near the South Pass area of the Gulf 
—UCxjeo showed Little change in strength with depth and was 
nearly equal to the determined cohesion of that clay (Noorany, 
fet. 13). Terzaghi calculated that for an underconsolidated 
Marine soil, slopes of 10° could be subject to failure if that 
sediment reached a depth of 47 feet (ref. 12). 

Normal 31:13:67 clays exhibit ratios of unconsolidated 
1 ri Shear strength; Ge to effective over-burden pressure, 
و‎ e TCC OI OI :نه‎ This «Patio for the Gull of Mexico 
prodeitaic clays averages 0.31. -The value of shear strength pre- 
۱ ۱۱ mentioned Mor calcareous oozes were also representative 


of normally consolidated marine clays. 








Overconsolidated and "apparently" overconsolidated elays 
Tp: NhTE9PDer Smear strengths; elays of the South ۲118 7 
area of the Gulf of Mexico have e Va SS GOI 71117 77 لا‎ ps. 
able 3 shows typical values for some overconsolidated clays. 

e should be noted that the o ratio looses meaning near the 
mudline as pa approaches zero.  Overconsolidation is usually 
associated with removal of overburden, however, massive erosion 
Acne continental shell or the abyssal plain- is unlikely. 
Uecupe 5 showine"e=log8 FTF curves for Gulf of Mexico sediments, 
۱۳۱۲۲ ب6‎ 8٦ 61150۱٦ 60681016010 behavicr Similar to that for overcon- 
eolidated clays. This behavior is attributed to the cementation 
peouent about by the chemical alteration of the volcanic or car- 
menale fractwon of the sediment. 

The terms "under", "over" and "normally" consolidated, al- 
parough appropriate for land and shallow water soil mechanics, 
are not necessarily appropriate for deep water sdeiments (Rich- 
ES rel. IS. IC is known that any factor that imparts unusual 
Beever ural strength to a soil will result in an e-log P diagram 
heat appears to represent an overconsolidated condition. It 
has been further shown that complete remolding of samples re- 


duces the consolidation curves to near straight lines (figure 6). 


۱۲ < 5 Laboratory Vs. In-Situ Results for Shear Strength 

Nice tner initial attempts act marine solls investigations 
it has been known that in-situ values differ from laboratory 
values despite extreme care to simulate seafloor conditions. The 
1 uswaorerthesewdeviations and ways to correct them are the 


objects of tremendous researeh effort. Numerous papers on this 











9 
Eee apemuemesented eachwwesr at the Annual Offshore Technology 
Mu cpence 1m Texas. Some of the factors producing deviation in 
laboratory vs. in-situ values were summarized by True (ref. 17) 
ama. anelude the following: 
l- Replacement ol -in-situ stress with uniform hydrostatic 
6176001767 veces... 
2. Mechanical sampling disturbance; hydrostatic stresses 
and soil structure are changed by disturbance from sampl- 
ne Lt raasportine.. storage. Trimming; and test. sample 
preparation eine e esulc tus decrcasecd shear, streneeneand 
compsescoT UU 
3. Pore water expansion: sea water expands 0.5%/1000 m., 
thus a sample from 3500 meters has a pore pressure ex- 
pansion of approximately 2%. The result is a reduction 
01-711 21175د 7 الات‎ 21101317 3111 7 4۶٦ 
4. Changes in pressure affect dissolved pore water gases. 
5. Changes in temperature causes direct changes in stresses 
23177 33 ۲ 
6. Changes in temperature and pressure can cause rapid de- 


01 1 اا‎ ONT N OA Orcan e maL ernn meso iis. 


JJ — 4 Theories For Shear Strength 

Saca seeemetnzas. defined tm terms of SOIL failure, hes lona 
been the subject of discussion and disagreement. The develop- 
ment Of shear streneth Concepts began with Coulomb in 1776. 
Since that time, complicated apparatus has been developed in 
order to more fully define the elements of shear strength. For 


۱۳۳ ۱ Tce d+rect shear test was combined with the vane shear 





10 
test to aetermine the strength envelope. Both of these tests 
Benerate enforced failure planes between stationary and moving 
sum re or sample sections. A well-defined peak in the shear 
stress versus strain curve (figure 7) is usually considered to 
ME. siésar strength of a soil. The shape of this curve is 
1 تت‎ much dependent on loading type, shearing rate, and drainage 
conditions (Hvorslev, ref. 1). 


Ee sonp EE EE OI SOil failure criteria was: 


= CÇ + o 


P tan ۵ 2-1 


٢ 
Where Te TD EE EES Ip as 
the normal stress applied at failure, and ¢ is the angle of in- 
۱۳۳ ۱ 1 ۰ ۵ 1۵۱۰ | Coulomb considered C and 4 to be constant for 
EE "ven SOll wand that simple tests could be used for their deter- 
fear ion. Subsequent investigations have shown these parameters 
ovary widely depending on such factors as initial water convent, 
shearing rate and anisotropy (Wun ref. 22): 


Casaerande, as well as erzagh concluded that normal siress, 


Ops SHOU be replaced byweetirective normal stress, Of MT 


op = O, - y 2-2 
ice pore water pressure, uy, equal to zero in fully drained 
Mess Terzaghi expressed the soil failure criteria in terms of 


effective stresses as opposed to total stresses. The Terzaghi 


Demure criteria appears as 


s C! + d tan a 2-3 


where C' and $' are the effective cohesion and effective angle 





1١ 
zu erial friction. This Punction is illustrated as a part of 
figure 8. The line OAC represents the shear strength line for 
a normally consolidated clay with C!' = O and ç = pou Precon- 
9۲۳۲۱ ۱۱۱۵ of a clay has considerable effect on the representa- 
tion of shear strength. The line BA is the shear strength curve 
Bar a clay preconsolidated at a pressure of cp and exhibits an 
angle of internal frietionoi $,. Preconsoligation to” pres sures 
other than o produce sSshesr Styength lines represented Dy the 
۶۱۹۰ ۲۳0 line parallel to BA. The significance of this is that C' 
mes proportional to the preconsolidation pressure e in taettol= 


Ving manner: 


C = O 


1 1 = 
p tane} | 2-1 


therefore equation 2-3 would appear as (Hvorslev, ref. 1) 


T Exo 0 


1 1 t - 
f tan pe + Go! tan E 2-00 


1 
Dp Í 
۵۲ ۱ Normally consolidated clay, this formula can be modified 


Macher such that 
+ O p tan D 2 一 DB 


Hvoprslev referred to this presentation as the Krey-Tiedman fail- 
۱ ۲ 1 م۵۱۱2‎ The general concept was proposed initially by 
Krey and subsequently extended by Tiedman. It should be noted 
that equations 2-4 and 2-5, as well as their representation in 
figure 8, are based upon results of fully drained direct shear 

|| ت تت‎ Ouanormally and o©verconsolidated clays. The first term 
nor rent side of equation 2-5B can be referred to as the 


com component and the second term as the friction component, 





Tr 
mus he anomally of having two angles of internal friction, be 
and وب‎ for the same clay and no cohesion for a normally consoli- 
dated clay is thereby eliminated (Hvorslev, ref. 1). 

Terzaghi (Wu, ref. 22) determined that the stress or loading 
history of a sample affects the determined shear strength. Hvor- 
slev (ref. 1) summarized this effect which is represented in 
۱۳۹۰۱۳ 9. This figure indicates different values of op and On. 
pe Unloading and reloading of a sample produces the hysteresis 
۱۳ obpsshown ulnewgure 9. It is evident that the idealized straight 
lines represented in figure 8 are actually complex curves. 

Mice hE TNE DEIN Tigure 9 represents a slient double 
curvature noted by several researches (Wu, ref. 22) from tests 
01 undisturbed samples. D represents the strength of a sample 
2۳ pressure ol that was preconsolidated at do it vests, are 


d 


performed at values of normal pressure greater chan dt Eme 
m, Li line WILL pass to the reloadine curve of the hysteresis 
1 . 

Hvorslev (ref. 1) conducted exhaustive studies using direct 
aoa TESLIM INNA aNd Little Belt clays. in order to better 
Pane Une II CSGO OVer—cOonsolidagion. Hvorslev summarized 
Dis results in an equation very similar to the Krey-Tiedman 
formula 


=C + of tan 


1 
3 e 
where C: and be 9 piece comes on" and “trie angle ol. in- 
penal frietion'. Hvorslev concluded that CE is a function or 
۱۳ ۳ ۳ i horny while de ۱.۱ ۳15 oma 176115011 7 


lS O separate che two strength components, it is necessary 
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EN ongsuetovcests on a Berles of samples having the same water 
sontent at failure, but different effective stresses. This can 
۳ ۳ ۱۱۳۱ ۱ 9۲20 by Using the consolidation, unloading, and re- 
wading technique illustrated in figure 10. It has also been 
ns shat tne truce conecsiom at aly water content is proportional 
Eu uc equivalent consolidation pressure, ۹ ۰ Im mea Paso 
IESU, om IS NCONSONNUNUMODn Pressure- producing that water cons 
tent in a normally consolidated sample (Bishop and Henkel, ref. 
2). Only drained or consolidated-undrained tests with pore 
pressure measurements can be used to evaluate the true cohesion. 

Besides being difficult to determine, the parameters of the 
wore lev failure criteria were formulated based upon drained 
NEU c e near. tests trat consiaerea only peak shear stress as 
EN res Streets TIC ls tnerelore questionable as to the 
٣۰۰۰٠٠۷٠٠٦٦ tion Of this criteria to other test results (Wu, ref. 22). 

Pac wo mime 1017 Wager content causes a change 
che Shear Stwenetn of a Clay, therefore a complete expression 
uu -hear strength should include consolidation characteristics. 
ie semi-logarithmic plot of the consolidation diagram (wh VS: 
oz P) of a normally consolidated clay is usually straight (Hvor- 
6 ref. 1). Figure 11 shows the consolidation diagram for a 
Soe comsoladaeted normally, unloaded, and then reloaded. 

As an alternative to the Hvorslev method of determining 
shear strength, Webb (ref. 21) has proposed a simple theory for 
Gqetermining; the undrained shear strength envelope of marine 
Soils ete tem a series of “combined” vane and direct shear tests 
onmgenabtuPstycoecupPPing marine soils. A sample specimen was con- 


son davedzarshearea in the direct shear machine under a normal 
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Boss equal to that consolidation pressure. The normal load 
vas immediately removed and a vane shear test was run. The data 
aerived from one direct shear test and the subsequent vane shear 
test is referred to as one "combined" shear strength plot. Be- 
ase ENE Vv Shear tests are conducted at zero normal stress, 
mote reside Smear "Sereneth can be thought of as being a 
uugetion of "preconsolidation" pressure. 

When plotting shear stress versus normal stress (direct 
shear) or consolidation pressure (vane shear), Webb found the 
wane shear plot to be linear over all values of consolidation 
5۰۰6 The direct Shear plot was higher and roughly parallel 
to the vane shear plot for e: Es (preconsolidation pressure) 
ana for oes P. the slope of the plot increased and passed 
A Cel the origin when extended back. This last portion of the 
117661 shear plot is usually interpreted as representing the 
Length of normally consolidated samples. These observations 
of his experimental results led Webb to suggest a "combined" 
analysis of shear strength that utilizes direct and vane shear 
Ee Ol Only two samples to determine the complete strength en— 
Menmope. The terms, definitions and relationships of this theory 
.-. 1ت‎ 6٢٣601 on fie, We. “Phe plot ol direct shear strength ve. 
Mer~mal stress was referred to as the "Total Failure Stress En- 
@ecltlope’. The plot of vane shear strength vs. consolidation pres- 
sure was termed the "Cohesion Line," since the vane test measures 
only sample cohesion. The angle of slope of the cohesion imas 
was Regent eg as ba? while the angle of slope of the normally 
ENEE EE EE OI the total failure stress envelope was 


pererred to as و‎ The value of shear stress at an equal to 








Zero was termed Ca: = was the value of vane shear stress at 
consolidation pressure equal to zero. The difference in the 
terms Ca and Cu is referred to as AC. The value of Sd above 
which the total failure stress envelope is linear is termed the 
"apparent" precompression stress, ne 

The factor that made this theory possible was the obser- 
Ep yon that une total failure stress envelope, as defined by 
che direct shear test results, is rougnly parallel to the co- 
uon line for values of 24 recs than Pet AS Illustrated in 
figure 12, the angle of slope of the total failure stress en- 
velope is d. ron Së less than p Therefore, the entire total 
failure stress envelope can be drawn if Ca ee and oe are known. 
It follows that only two "combined" shear strength tests are 
۳۰۰۰۰1760506 generate the total failure stress envelope; one test 
at o and consolidation pressure equal to zero and the other at 
e and consolidation pressure greater than ک٠‎ DIS ico 
estimate of ۸ 15 61117 colo censure that M lor the second data 
point is greater than Der 111 1171 745 Tour data 7٦ 
two direct shear strengths and the two vane shear strengths, Ca 
and Cu: $6 is determined by connecting - with the vane- shear 
E NEL al Lhe higher consolidation pressure. A line as drawn 
mar ۳۵ origin to the direct shear strength value at the higher 
value of 0 1۳ enables 115606167117316 of js Finally, 3 


firme is drawn from C at an angle of slope $6 tO. Inver sect 


qe 
۱۳۱۱ ۱۱۲۳۱6 arawn through the origin. The result is the total fail- 
ure stress envelope that would have resulted from a series of 


direct shear tests at progressively increasing values of normal 


stress. 
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|| i moms j Oe yopo Ol this theory are as follows: 


a) For M Be GK Ca ro tan 9 2-7 


۳ ۳۳ 6 > P T C., + 7 tan ae (o 


۵ f "d EET 


n 


a For GE s 1 C to, tan $, *ACt(o, -P,)(tan $,-tan $.) 
d 
Where Te 5 ۱۳۱۳۳ ۲۰ ۰ 1 sr2essraw Tajlure, 
The purpose of this investigation will be to validate this 
theory. Test apparatus and procedures similar to those used by 
Webb will be utilized. A general set of samples will be used 


Eo determine general applicability ot tne theory. 





1. 
CHAP 077 


Die EUSSION OF DIRECT AND VANE SHEAR APPARATUS AND TESTS 


Aroca in ne Introduction, Chis study uses the- direct 
shear test in eonjunetion with the vane shear test in a combined 
strength analysis of marine clays. Both tests have been subject 
۱۳۰ ۲ 1 با‎ 1 6۱ ۵ alld praise. This chapter will outline the advan- 
tages, disadvantages, apparatus, application, and the test pro- 


cedure associated with both tests. 


INT - 1 Direct Shear Test 

The direct shear test is one of the simplest soil strength 
Mests known as well as being the oldest; it was first used by 
Coulomb in 1776 (Lambe and Whitman, ref. 10). The cylindrical 
tas ases test and the Torsional shear test are the other 
Commonly used methods for soil shear strength determination. The 
Vane shear and cone penetrometer tests were previously discussed 
Eme! continue to have limited use. 

The torsional shear test is more commonly used in Europe. 
Deet eeh soil sample is twisted by applying 
ru Stili Momence at the top and bottom (figure 13). A lateral 
stress can be applied to the sample if desired. During the dir- 
ect shear and triaxial shear tests, the sample becomes badly de- 
formed causing non-uniform stress and strain thus making the 
Measurement of the failure surface area difficult. The torsional 
shear test has the advantage in that the cross-section remains 
more nearly constant during shear (Lambe, ref. 9). This ad- 
vantage is out-weighed by the fact that the shear displacements 


adas promo tana Progressive failure oí the soil 
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s n T pse or amgsunnulaswsampheesomewxhat reduces this pro- 
blem. The torsional shear test has the definite disadvantage 
EE cquimngseconssderablie specimen handling for test preparation. 

Diemer trachoma vec re inVOlves Che axial loading of a eylindri-— 
cal sample (figure 13) that is usually encased in a rubber mem- 
wne. Uniform pressure is applied using a pressure. cell con- 
taining the sample and surrounding fluid. 

The direct shear test requires the placing of a soil sample 
EE oni siyo or having fixed and movable sections. The test is 
performed by displacing the sections of the container relative 
11 sch other During this displacement, the soil is sheared 
SMe ONE Or morc internal surfaces. -The only resistance to 
that shearing is provided by the soil. There are several types 
Ol direct shear tests and apparatus with their names being de- 
WEE 1د‎ ٢ the design of the soil container or the shape 
of the shear surface. These include (figure 14): 

ao mece Single shear box 

٢ A ۹۹ ۰+ 5‏ ۹4111 د 

Dr annular or "punching" shear apparatus. 

The annular direct shear test provides a more nearly con- 
Tmt shear area than does the box or ring shear test, and con- 
sequently, more uniform strains (Lambe, ref. 9). The test is 
more complex to perform and the specimen is more difficult to 
Pu je re an 1 5 01 the box or ring shear type of test. 

11 ۳ double ring shean apparatus, the shearing force is 
applied to a central, movable ring (figure 14). Samplers have 
been designed such that their liners are composed of continuous 


Ane inge! (Lambe ref. 9). These rings fit directly 
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Bro che rinpssnear device. This eliminates the transfer of the 
mle. Lrom the liner to the shear apparatus, as well as any 
required sample trimming. This advantage is somewhat questionable 
Pre ause the sampler is necessarily thick walled having a high 
Aca ratios. A. (Terzaghi and Peek, ref. 18). High area ratios 
mesult in “disturbed” oo greater than 20%) samples, increasing 
wae danger of remolding and weakening the soil before testing. 

Of the three direct shear tests discussed, the 2-piece 
simple shear box is the most used in the United States. A basic 
representation of the simple shear box appears in figure 14. The 
EON vO bpewtesved iilis the two sections of the box and is fitted 
with a plate on top and bottom. The plates can be pervious or 
Huperviousodependsng on the nature of the direct shear test 
being conducted. Usually the lower section of the shear box is 
fixed and the upper section is allowed to move. The reverse ar- 
rangement is sometimes used although is is considered to give too 
high values for shearing resistance because of restraint to sample 
expansion (Tschebotarioff, ref. 19). In either case, a normal 
۳۴۰۰٢٣ N; ت7۰۳‎ ed co the upper plate distributing that Torce 
over the soil “Surface. A lateral load, P; 15 271160 9-55 
۰۰۰٣۱۷ 7د‎ 1017 Pil shear Dox: The direct shear test is rur- 
puer AQesienatved by the manner in which loading is applied and 
displacement measured. The test can be either a stress-controlled 
Seo sincero a straln=controlled direct shear test. 

IN ThE case ol the stress-controlled direct shear test, the 
۷۰۰ 1ت‎ 0۳۵۸۰۰۰۰ e Applied in discrete increments, often by using 
dead weights. Shear displacement is recorded as a function of 


Mie Late eases or until falbure occurs. Failure is in- 
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ame avted by a rapid increase in displacement. The stress-controlled 
Mesias preferable in these situations requiring very low rates 
of loading. The load can be kept constant for any given period 
Su ای‎ Voenere aint ficult to obtain a value for ultimate 
strength due to the rapid shear displacement that occurs immedia- 
tely following the exceeding of the maximum shear resistance of 
the soil (Lambe, ref. 9). This test is used for most soil 
mechanies applications. 

ae te controlled dTreer shear test is used mostly Tor 

meecarch (Jumikis, ref. 8). but has some practical applications. 
Normally, controlled and constant strain (shear displacement) is 
applied to the movable box section by means of a gear assembly 
that is either manual or motorized. The force is usually de- 
termined by using a calibrated proving ring and is recorded as 
er unetiom. of time or displacement. This type of direct shear 
fest has the advantage of providing a good measurement of both 
peak and ultimate shear resistance (Lambe, ref. 9). The stress- 
"ntrolled test requires the manual regulation of loading and 

1 5 more 1111 vO cio mane: 

Jumikis (ref. 8) summarized the disadvantages of the dir- 

eeu snear test as follows: 

1۰ The shear area in a direct shear test is constantly 
ehane ie Sea US ingr uncaual distribution of shear and nor- 
mal stresses over the potential sliding surfaces. This 
makes the stress conditions across the sample very T 
leisen. 

CS econ ent Of saturated samples of many types 


Gi N I plc as tne result of changes in stress. 
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There is question as to the effect of the lateral re- 
Ica Ol thE Walls OI Lhe Shear box. The stress com 
3۸۰۰۷۰۱۰۳۰٠٠٠٦۷۷ dq thus do not correspond to conditions 
tier oundarren, The shear stress obtained by dividing 
Suesphnom cop xuDDuPe area is Only approximate. 
the time required to remove the sample from the test 
appara USC Lae Walter content determination. 
Also, the water content at the sample boundaries show 
different values than the sample interior.  (Hvorslev, 
TERT, 
The complete state of stress at any time prior to fail- 
117 ۷۷88377. 
l n oi ii y ۲۱۷0107601116011" 68069 using the direct shear 
test are not completely undrained. There appears to be 
no way to determine to what degree these tests approach 
EE Ultimate strength is more 76 3 
۳ ای‎ merely Decause of the longer time re- 


quired to reach ultimate shearing resistance (Lambe, ref. 


o). 


The advantages of the direct shear test comprise a short but 


MaS especially. as it concerns marine clays. 


eg 


٣۳۳۳۷۰۰٣٠۷ ٠٠ ٠٦۹٦٠٦6771۰620 77 آ6 ب0‎ a Simplicity of operation 
requiring less test time and sample handling. 

The smaller height of sample used in the direct shear 
15 11-1۳65 Less drainage time. This facilitates | 
aem sits Bs Ares si ne shear rate can be larger 
pus IPeuwsedorn the triaxial test. 


nerds near test requires much less sample than 














en 
80۳۰۰۰۰۰٠٠٦٠٠٦٦٦ ٣٦٢۸ ٣٦۹٦ .ا665‎ 
I mel near tapparatuús used in this study was a strain- 
EE box type. The complete apparatus ap- 


pears On Plate 1. 


Ill - 2 Direct shear Apparatus 

The direct shear apparatus (Plate 1) was originally designed 
۰۰۱۰۰٠٠٠٦ ٦۱ py the Department of Civil Engineering of the Univ- 
Emly Washington and was modified slightly to conform to 
E creguiremenvs Of this study. This system is designed to per- 
wen strain-controlled direct shear tests. 

Shear disrlacement is provided by a variable-speed motor 
sehpled directly to a multiple output shaft gear box. This 
eombination is manufactured by Karol Warner, Inc., and provides 
for a wide range of rotational speeds by the proper selection 
Me uc put shalt and motor speed. The output shaft is coupled to 
w carbox mounted on the direct shear test stand. This gear ar- 
rangement translates the rotational motion into the transverse 
neon used to provide shear displacement in the shear box. The 
Warous output Shalt and motor speeds were calibrated against 
shear displacement as a function of time. The strain (shear dis- 
placement) rate can be accurately controlled ٢٢ OU. OOO 
to 0.5 in/min. (Webb, ref. 21). The gearbox offers output ro- 
Pon uSUAInecpesgse-in o sveps of 10.. The output shaft 
designated as 1/10 rotates at 1/10 the rate of the variable 
E MOCO 5019 motor Ser Cng ol 55 and the 1/10 output 
shaft, a translational displacement rate of the shear box of 


855۱ was observed. 
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Dem ٣٠٠٦٦ 07770۶6 18.1117 manufactured strain controlled 
wm ee Shear machines USE Calibrated proving rings to measure 
the shearing force applied to the sample. The system used in 
Wm study employs e BEA Electronics, Inc., Type U3Cl load cell 
late 2) between the second gear assembly and the shear box. 
Mais load cell was calibrated using a proving ring and the 
C strip recorder (Plate 3). The calibration refers only to 
mime particular load cell—strip recorder combination at the 
Slurain Gage conditioner and chart sensitivity settings speci- 
fied. The calibration appearing in the appendix as figure A-1 
was determined by Webb (ref. 21) and verified by the author. 

ERE recorder provided Tor more accurate determination or 
morce ۷8. displacement. It has the added advantages of making 
the recording of the test easier as well as providing an im- 
mediate and permanent visual presentation of the test data. 

The direct shear box is shown on Plates 4 and 5. The area 
urhe shear box in its original configuration was 9 Ee The 
TD LION OI the box ds fixed and the bottom is Tree to move. 
There is a تا‎ ۳ al 1 1011701 017156 Lower section allows 
moe drainage. The shearing surface is 0.5 inches above this 
Encre. The samples used in this study have a round cross-section. 
Ring adapters (Plate 4) were designed to fit inside the square 
Sn ar DOX and aecepe the samples directly from their liner. 
mlace 5 Shows thie ring adapters in place along with the vertical 
pressurefpla tecla pters were designed for liners with a 2.62 in. 
ide dil CT as used to collect Pacific sample KKO76 and a 
Zange diamever for the Gulf of Mexico and Atlantic 


cap les ۱۱5 Gulf of Mexico samples were approximately 2.25 in. 
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in diameter and were trimmed to 2.00 in. with a thin-walled 
aber. lhe @aetantwewsemples were 2.00 in: in diameter. 

hice atienpiresslre Wpecrated vertical loader, apparent in 
mace o Used Tor conventional applications of the direct shear 
NICO creo ro petete top this study. This loader did not 
2۰۰۰۰۹۰661173167 26717701 ۶ي‎ small values of normal load. A 
simple lever arm system was designed to replace the air loader 
aures 1, Grand 7). The arm has a lever ratio of 10 to 1. By 
knowing the cross-sectional area of the ring adapters, the de- 
sired normal load was easily applied by placing the proper weights 
mm the tray. 

The area of sample resisting shear was reduced as a function 
of displacement as the test progressed. This area is easily 
determined when the shear box has a rectangular or square sec- 
tion. This determination was more difficult for overlapping 
© cular sections as was the case in this study. This area is 
۳۳۱۰ ۷ 60 as a function of displacement in the appendix, figure A-2 
for the 2.62 in. samples and figure A-3 for the 2.00 in. samples 


ela” was basearupon tne following relationship: 





2 ٦ [20057 ^ C 1) 2-1 


where A is the coincidental or "common" area of two overlapping 


ceso reads. as a function of displacement, X. 


111 - 3 Vane Shear Tests 
Granular soils that are free draining and contain signi- 


(n S EE EE little problem when determining 
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an ap reneth, eicher in the field or the laboratory. With 
Merine Clays. the foundation engineer is confronted with the 
peeom len Of determining the strength of a saturated clay with 
very low permeability that does not allow free drainage. The 
ReorowOressures associated with shear stress application do not 
ord GISELE iD sSúüuch materials: The time required Tor 
Seeesipation of these pore pressures, with its accompanying in- 
eee ۱۳ ۰۱۱ اه‎ ree Stance 1S a function of the boundary con- 
Ec smnus.dunensvons, and consolidation characteristics of the 
Berticular clay material. 

When testing a saturated clay using the unconfined compres- 
SOn test or triaxial test with the minor and the intermediate 
principal stresses equal to zero, the result is the 9 = 0 con- 
dition described by Terzaghi (ref. 18). The shear strength 


under these conditions is described by the equation: 


E ۶٣ EE 


Ee U is the cohesion, and d, is the 
IE mate uncontined compressive strength. There are relatively 
quick, uncomplicated strength tests available when the undrained 
edition حا کت‎ ٣ ۳7 Mi tine iela or the laboratory. The 
test that fulfills these needs is the vane shear test. The vane 
Sis tamal co ueno the Q test, if carried out rapidly enough. 
Mane resta ILS 111771657-1071, consists of bushing a four 
s l u n R onn 63 ORM Cle ERE oO a thin rod, into the soil 
wich as little disturbance as possible, The vane is rotated 

and Che Lorgue 7-8 2 turn the vane is recorded as a func- 


HON oI vane rotation. In more refined field vane shear tests 
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ur cvane iS pushed into the soil inside a shield and is protruded 
E 3t the wime of the test (ref. 18). Elaborate laboratory 
ENS CEC TE OLDE Chol can control boundary conditions 
As tress=strain rates during testing. 

Im 2561212101 2ا‎ shown that the soil fails along a cylin- 
drical surface cireumseribed by the outer vane edges. Both the 
top and bottom of the vanes are included as failure surfaces 
EEUost vane shear tests. The relationship between angular ro- 
tation and torque must be known along with applied torque and 
۰۰۰٠٠٠٦161757677 immorger LO determine shear strength. : The re- 


۷۰۰۰۰۰٠۰۰۱۰۱170 16 expressed by the formula: 


2 3 
3 D-H D 
|| N ۳ 059 
where M = net applied torque, t = C = w = “Shea strenech, 
Pee vane diameter, and H = vane height. 


۱۳" op Oppo l P.I i Vales are not into the soil enough to 


centribute to the resistance, the formula appears as: 


e 2 
qa H + D 


0 نٹ‎ SE 


M - mt 


WT Cest aNd formulas make the assumption that the failure is a 
mene circular cylinder with a diameter equal to the vane blade 
EU ccer. Don which the stress distribution at maximum torque 
Ste verywheresegual on the surface of the cylinder. 

Sensitivity can be determined using the vane shear test. 
The vane is saad several times after determining the "undis- 
turbed" strength and then allowed to consolidate. The test is 


then repeated thus measuring "remolded" strength from which the 
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Fer jeıvıvy 15 determined. Values for sensitivity determined in 
irs manner diflrepb from those determined if the sample is re- 
molded by kneading (ref. 18). 

Sibley and Yamane invented (1965) a small, convenient, hand- 
meld vane shear device known as the TORVANE. It has gained wide 
acceptance and is widely used, both in the field and laboratory. 
aie vanes are pushed to their full height into the soil and tor- 
que is applied by turning the upper knob until the soil fails. 
۰۰۰ uw C 1s read directly irom the scale on the top of the 
MAEV NE. Typically, the scale is calibrated so that one re- 
۰۰۰۱۷۰۰ ۲٠٠۷۶5۰۰ Ol sue DOInter corresponds to C = Jl CST. In spite of 
Several modifieations, the TORVANE eannot be used accurately 
on saturated elays with a d much ereater than L st or on 
materials that contain pebbles, sandy layers, or any other secon- 
dary structure (ref. 14). A larger vane attachment is available 
۱۳۳ Lali more accurate values for C less than 0.25 tsf. Also 
available are miniature torque wrenches that can give torque 
—"ReccLJIy and with fair accuracy. 

The TORVANE is the object of considerable criticism includ- 
mae: l) it only samples the surface of the unit, 2) there is 
poor control over the rate of shear, and 3) it is not firmly 
mounted, thus allowing for something other than a cylindrical 
E wesuriacE ihe TORVANE should be used with some discretion 
um D :hese objeetiüons in mind. Its primary uses should be to 
Make preliminary estimates of shear strength, to compare mater- 
EM ان‎ recent ٠٠۰٥۸" ٣۰۰۰٠۰۰٠۹٦٦۰ ٠٠٠٠٠٠ 07767 701 ۳۱677.66 1+ 

More elaborate vane shear devices are available for the 
Bor Cory. One manufaeLured by the Leonard Farrell and Co., 


Ltd. and another by Wykham-Farrance Engineering, Ltd. are the 
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most commonly used. The devices operate using the same princi- 
I ana assumptions, but allow for more accurate determination 
SI lorGaue ad vane rotation than devices such as the TORVANE. 
homage ISE pl I through interchangeable, calibrated springs 
7۳۵ ۱ 1 ۳71 ا‎ Spring Constants; the proper spring being deter- 
fused by the sor perne tested. "The Wykham-Farrance machine 8 
۰۰۰٠۰۱٠ ٦٦6۱ 6۱17" ۲ motor driven vane. It is this machine that was 
modified for this study. The modifications will be discussed 
all in Subsequent pages. 

Neil Monney (ref. 7) has recently experimented with the 
EM o test. Monney listed several Serious deficiencies 
Teepe che vane shear test that include: 

TRE Cest is not applicable to granular soils 

P MED Pí SSD C P ۱۳۹۰ ۲۹0 7ج‎ 6 predetermined and Oriented 


UNECE see اج‎ 66 15 not. a perfect cylinder 


4. the confining pressure is unknown in the laboratory test 
Dreher Eva DTD 3 81 standardized 

6. the drainage conditions are not known 

ee SIE rate of shear is not standardized 


Monney concerned himself with item 7. He hypothesized that since 
rS luralted Clay behaves as a viseo-elastic mcr 0088 8 ٦ 
Prem armer aE ma strenech as the shear rate is increased. 
MeT ate ol Shear used Dy most researchers and engineers ranges 
moni Mill to 90°/min. with 6°/min. being most common. In 
Monney's study, Wykham-Farrance machine was modified in a manner 
Sao nat used during this study. Saturated clay was 
tested NT i i اقا‎ “remolded" values over ranges of 


emeviar Sserain rate up to 720° /min. and the following was ob- 
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Ser ved: 
i. Vane shear strength varies significantly with ranges of 
angular strain rate commonly used by engineers and 
ine eMe 
eee (he 7 snould be standardized. 
Semimewsotandardizeamrate should be 90°/min. 
Mee econclusions leave considerable room for discussion. It 
n mol apparent how different soils or vane sizes would have af- 
fected the results. Values of strength determined at 90°/min. 
۳ ۲۲ rate may not be appropriate to evaluate every foundation 
٠۰٠۰ ۱۱۱۵1۱66 difierent strain rates could be more appropriate 
uedirferent applications. 
INE Thi is presently considering several vanes and test 
paseeoupres for Standardization of the laboratory vane shear test. 
A field vane shear test using a larger vane is standardized as 


ASTM £D-2513. 


III - 4 Vane Shear Apparatus 

The basic vane shear apparatus used for this study was the 
memam—-rarrance, Ltd., instrument previously mentioned. This 
machine was modified to transform this stress-controlled appara- 
Euro a Strain controlled unit. | 

۱۱۱ ۳ 53 3 l l Oi puracijon, the above vane device has.a 
small one-speed motor that drives a small gear assembly at the 
3 ۳ ان‎ 5 instrument. This gear assembly is attached the 
Eu cvchbeonueheweslibPated spring. During the test a torque is 
Sooltcds TO Une vane, the amount of which is determined by the 


Ewmc Idleslectyomvof che spring which is read at the head of 
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mues insctrument. The test is completed when the torque reaches 
the point where the soil fails as indicated by a sudden release 
9 5 spring deflection. Uniform rate of shear is not possible 
Mens this arrangement. 

Mae Major modification to the Wykham—Parrance machine was 
the replacement of the spring with a plate mounted with strain 
gages in a configuration designed to measure torque on the vane 
shaft. The strain gage replacement is shown on Plate 8. The 
milled vane Shear device is shown on Plate 9. 

Ihe variable-speed motor and multiple output shaft gear-box 
er erıibea for use with the direct shear machine has also been 
Atrea Tor Use on the vane shear machine. This apparatus was 
Calibrated enabling the accurate selection of sustained vane ro- 
Matton Pates that range from 0.005°/min. to 100°/min. 

۱ sural 6 F Orgue DICE UD was also connected to the 
NS Pp recorder In Order to get a detailed record of the 
ieee data. The torque pick-up was calibrated by alternately 
۶9۹۱۳۲۲ ۱۱8 known values of torque and recording Che movement on 
Mer strip chart. The calibration is expressed in terms of shear 
Far ss as ao function of chart sensitivity and vane configuration, 
in the Appendix as figure A-4 as determined by Webb (ref. 21) 


ar veriticd by the author. 
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ANEDE PROCEDURE 


IV - 1 Samples 

in order for this investigation of shear strength character- 
istics of marine clays to be of a general nature, quality "undis- 
turbed" samples were obtained from three areas with vastly dif- 
went geographic location and sedimentation and loading history. 
Br chree samples were from the Pacific Ocean, Gulf of Mexico and 
the Atlantic Ocean. The samples from the Pacific Ocean were 
talco by the U.S. Naval Civil Engineering Laboratory, Port 
Hueneme, California, and were collected by the Hawaii Institute 
ME -cophysics in late 1973. The samples from the Gulf of Mexico 
wame supplied by McClellan Engineers, Inc., Houston, Texas, and 
fee originally collected for the Shell Oil Co. The samples from 
the Atlantic Ocean were supplied by the Ocean Engineering Depart- 
ment, University of Rhode Island and were collected by a research 


vessel from Worcester Polytechnical Institute. 


07+1 1.1 Dee Ocean Sample - KK076 
This Sample was from a 40 foot core taken in water in excess 

er) 5000 meters in depth by a modified Ewing piston corer (ref. 
20). Inside diameter of the polycarbonate core liner measured 
maeaverage of 2.62 inches. The sample was taken northeast of 
Riemann Ls bangs au. 2 Gatitude 30% = 59' - 24" N 

oCi LUTE SO = y 
KK076 was from an area of basaltic abyssal hills covered by a 
thin layer of deep-sea, pelagic clay (ref. 20). The material 


Bert or was From a depth in the core of 404-428 inches. At this 
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depch the material was a dark brown clay classified by the Uni- 
fied Soil Classification System as OH (fig. 15). Table 4 sum- 
marizes the soil properties of KK076 as a function of depth of 


Sore, 


IV - 1.2 Gulf of Mexico Sample - GM 

This sample was taken in 167 feet of water on May 28, 1976, 
near Eugene Island in the Gulf of Mexico (exact location pro- 
Brietary). The sample was part of a 24 inch long core taken at 
30 feet below the mudline with a 2.25 in. inside diameter thin 
wall push tube. The material at this depth was a soft olive- 
mu wcray classified by the Unified Soil Classification System 
as CH (fig. 15). The following properties were observed by 


Meemelian Engineers, Inc., at the 30 ft. level: 


Vane Strength aS 2717711711 7212177 0ت‎ ee 
۲۱ 6۱ 1 Limit 97% 
Plastic Linit 33% 
۳ ۱5 ۰ ۲ 10 1۳ Index 64% 


"IL 1.3 Atlantic Ocean Sample = ATL 

This sample was taken in 4935 meters of water near the 
wama Outer Ridge in the Atlantic Ocean at: 

۳۰۲ ۶ ۷۱/5 2٩ 1717» — 54" N 

ONE ۳ << ( < ۱ 
The sample specimens were part of a 136 foot, 2.0 inch diameter 
core, and were from approximately 11 meters below the mudline. 
The material at this depth was a soft-olive gray clay classified 
و تا و‎ io sol Classification System as OH (fig. 15). Table 


RE Ol CCI Cal properties of ATL as a function of depth 
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Sl Core. 


IV - 2 Test Procedure 

ner procedure used in this investigation consisted of sam- 
mew preparation, consolidation, direct shear test and then im- 
mediate removal of normal load and vane test. For each test, a 
Be Pinch section of sample is cut and the remainder quickly re- 
Scaled and placed back under refrigeration. The direct shear ring 
adeapters (Plate 4) were designed to match the inside diameter of 
smokes KKOO and ATL, 2.62 inches to 2.00 inches respectively. 
A cutter was designed to trim sample GM from apvroximately 2.25 
uuhes to 2.00 inches. Filter paper is placed in “he bottom on 
The lower porous stone. The sample is pushed into the shear box 
directly from the liner in the case of KOTO anda ATL, and from the 
1121 Ain the case of GM. The outer portion of Che shear box is 
filled with water in order to keep the porous stone moist and 
Nes placed en the top of the sample to keep it from drying 
EP stieking to the top plate. The pressure plate and lever 
arm are attached and the desired normal stress is applied by add- 
meeeweights to the tray (Plate 6). 

ihe samples ioeal loved to consolidate at the total normal 
Seress level overnight. A dial gage is placed (Plate 7) in order 
[Monitor consoJudation. The shearing of the sample proceeded 
miler the consolidation had ceased, at a rate (i.e., 0.06 in/min) 
to ensure "undrained" test conditions. 

Immediately prior to shearing the sample, the locking pins 
©. S removed ne darect shear bok. The shear rate is adjusted 


and the load cell voltage, chart speed, and chart sensitivity 
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selected. The shear rate chosen for this study was 0.06 in/min. 
as utilized by Webb (ref. 21). The test commences after placing 
a dial gage to check the horizontal displacement of the shear 
DM Plate 6). The test is stopped after 0.3 inches of shear has 
Maem place. Ihe pins connecting the shaft from the load cell 
to the shear box (Plate 2) are removed and the zero point on the 
Mmeeording chart is checked for drift. The shear box is removed 
۱۳۲۱ C direct shear apparatus, the water emptied, and the box 
placed under the vane shear machine for the vane shear portion 
of the test. The vane is lowered into the surface of the sample 
Exnch. At this depth, the vane does not pass through the dir- 


ect shear surface. This is shown schematically as follows: 












Direct Shear 
Ring Adapters 


۱۳۲۳ را‎ Shear— 
BOX 


Direct Shear 
Failure Surface 





Porous Stone == ber paler. 

Berore 31 1 Lhe vane shear test, the 0 3+ 7۶۳ 
samt and motor settings are changed in order to facilitate vane 
shear at the same rate as the direct shear. Per Webb (ref. 21), 
Anese rates are 7°/min. for vane shear and 0.06 in/min. for dir- 


cheap The strain gage conditioner voltage is changed as is 





Do 
En csemsPcivrioy- ine chart is zeroed on a line of the 
uc cand thewresu preceeds throuph a vane rotation of at least 
wm Plate 10). The vane is then raised out of the sample and 
mae zero point checked for drift. 

۳ final ٩ ای‎ 1 Lo determine the water content of the 
۱۰ Ihe method used in this study is to take the water 
content sample down through the direct shear failure surface 
ma@eclusive of the mc sheared by the vane shear machine. 
Mis sample is immediately weighed and placed in an- oven for 


8۳۳۰۱ ۰۱۴ and subsequent reweighing for water content determination. 
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CHAPTER V 


EXPERIMENTAL RESULTS AND ANALYSIS 


The first portion of the experimental work involved the cali- 
bration of the loading and recording devices (figures A-1 and 
A-4) of the direct and vane shear equipment and strip recorder 
E. The primary work of this investigation was to verify the 
mUSgbility and reproducibility of the test procedures described 
۱۲ ۳۵۵ ها‎ IV and to run the "combined" direct and vane shear 
wescs and analysis on a general set of samples in order to vali- 
date the theory proposed by Webb (ref. 20), as discussed in Chap- 
ter II. Figures A-5 through A-25 contain the data collected 
from running the "combined" vane and direct shear tests on the 
three samples. Sample shear strengths are represented by: 

a) water content vs. log consolidation pressure 

b) water content vs. log shear strength 

c) shear strength vs. normal pressure and consolidation 

Dice sures 


Meee  "cilsbyonsSadJpscsreodgscussed in the followings paragraphs. 


woe) Water Content vs. Log Consolidation Pressure 

Immediately following completion of the "combined" direct 
and vane Shear tests, the water content was determined on each 
meceimen as described in Chapter IV. "These water content. values 
re plotted against the log of the pressure used to consolidate 


tothe direct shear test.‏ 0110167171790007 اح 


veered Sample KK07T6 


1 11 e nn تا‎ Patiurnchiorn ol laboratory consolidation pres- 
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sure for sample KK076 is depicted in figure 16. As anticipated 
٣۰۰٠۰۰٠ S previously discussed, the consolidation curve for this 
5۰۰٠۰۱۰۰۷۶٠50 063775 to be the reload portion of the curve of consoli- 
qation, figure 11. The "apparent" precompression stress, P , 


C 


meom this plot appears to be approximately 5.2 psi. 


V- 1.2 Sample GM 

teu] mindicaltes a Ploto Une water content of sample 
as a function of laboratory consolidation pressure. Results 
similar to those reported for sample KX076 were observed except 
that the change in slope of the curve at the "apparent" ER was 
not as great as for sample KK076. The "apparent" Ss from thas 


plot appears to be approximately 6.0 psi. 


V=- 1.3 Sample ATL 

Eure Vozındieactes a plot of the water concent of sample 
ies a funetion ol laboratory consolidation. Results similar 
۱ ۲۱090 reported for samples KK076 and GM were observed. The 


۲٣۰٠٠ ٦ ٣١ B [ تفت‎ this plot appears to be aporoximately 7.2 psi. 


۷ —- 1.4 Discussion of Water Content vs. Log Consolidation 
Pressure 
Ilo pierre! waver content Vs. Loe consolidation pressure 
ST all three Samples indicate two distinct straight line seg- 
ments with a change to a steeper negative slope at the apparent 
i. 5۰۰1 6661701185011706 1360177076851076. This is the classical 


ändieation of an over-consolidated soil. 


IE so eater Content Ys. Log Shear Strength 
٣۰٠٠٠٠٠٠٠٣۹٦٠٠٦ ٠٦٦٦٦٦٦٠ ٠:٦2٦7 summarize the results of this part of 
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the investigation. There are both similarities and variances 
among the three plots. The water content was plotted against the 
IN oor strength for the results obtained by both the direct 
Shear test and the vane shear test. The water content vs. log 
direct shear strength for sample KK076 was a straight line over 
the whole range of normal stresses, while this plot for samples 
GM and ATL indicates two straight lines with a change of slope 
9 = TO, SN 5.5 psi and w% = 159.0 or ج‎ 6.7 psi, res- 
pectively. The water content vs. log vane shear strength for all 
rmplies was a straight line over the whole range of consolidation 
Pressures. These plots, although not corresponding precisely 
pH eaeh other, did eclosely approximate the observations by 
Webb (ref. 21). The "apparent" E determined from this part of 
Mee investigation was 5.5 psi and 6.7 psi for samples GM and ATL 
respectively, compared with 6.0 psi and 7.2 psi as determined by 
۱۳ ۳ 2 تا‎ ۵1 content versus log consolidation pressure curves. 

These values compare favorably and appear to present evidence 
uw tne test apparatus, loading procedure, data collection sys- 


tem and data presentation worked as designed. 


V-3 "Combined" Shear Strength Analysis 

i Combined test consists of a direct shear test conducted 
at a normal stress equal to the consolidation pressure of a 
sample followed immediately by removal of normal load and a vane 
pacar test. Because the Vane shear tests are conducted at zero 
normal stress, their resulting shear strength can be thought of 
neombeine amr uUneudon Of “consolidation” pressure. The data de= 


rived from one direct shear test and the subsequent vane shear 
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test is referred to as one "combined" shear strength test. 

Conventional vecnnaques Tor presentation of shear strength 
deta plot shear strength versus normal stress. The conventional 
meque was ۱۱۱۵ 1 ۱6 in this presentation by the addition of 
the vane shear data plotted on the same graph with shear strength 
fee tuUnction of consolidation pressure. The direct shear strength 
mesults were plotted versus normal stress. The results of the 
"combined" shear strength tests on samples KK076, GM and ATL are 
meesented in figures 22, 23 and 24. These figures plot shear 
۳۱ ۱۱۳01 during direct shear and vane shear tests as a function 
of applied normal stress, Se and consolidation pressure. The 
mesults of the strength tests shown in figures 22, 23 and 24 ex- 
luit several similarities. Above a certain value of ore the 
e Ol ThE direct Shear data appears linear and when extended 
۱۳۲ passes through the origin. The generally accepted inter- 
Exc OM EE portion of the curve represents 
the strength of "normally" consolidated samples. Below this 
n OL normal stress, a change in slope of the curve is appa- 
ment. اا‎ O IOS were evident for all three samples. 

me "apparent" P. determined by this part of the investi- 
Tih was 5.2 psi, 5.9 psi and 6.7 psi for samples KK076, GM 
and ATL, respectively. A summary of "apparent" P. values de- 


-ununed by the three different test methods is as follows: 


KK076 GM AT 
۱۳ ۰ Waterzeonsene Vs. 
log consolidation pressure 5.2 psi GUO BSI 01 
2 Water Contenti VS. 
log shear strength D-o pol Ba oed 


E aeae Strength VS. 
normal pressure 9 545417 ھت"‎ ۲ ۳ ١٦ 
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The values of "apparent" D. determined experimentally are in 
۱0-۱ 29 ۲ close agreement indicating consistency in the testing 
and analysis methods. 

The direct shear strengths measured always exceeded the vane 
snear strength values at the consolidation pressures that cor- 
responded to the normal stresses at which each direct shear test 
1 ۱۸6 604 The plots of the vane shear strength vs. con- 
solidation pressure were approximately linear in the three sampl2s 
although there was some scatter of data points. The vane shear 
awm enet plots didwnot exhibit the change in slope characteristic 
۳۱۲۲ ۱۱۸ direct shear strength plots. The plots of direct shear 
۶۰۶۰٦2٣٣. in the regions at low values oi as seemed Lo be almost 
pamrallel with the plot of the vane shear data although the slope 
of the envelope was slightly greater for the direct shear values. 

Similar observations by Webb (ref. 21) led him to propose 
the "combined" analysis of shear strength as described in Chapter 
II and as depicted on figure 12. Only two "combined" tests are 
required to determine the complete failure envelope; one test 
at p and” comsol1dation pressure equal to zero and the other at 
Ro and 1361113516019 pressure greater than os The. procedure 
۰۰٠٠٠۰۱٦7620 in Chapter II was used to analyze the results of the 
direct shear and vane shear tests on samples KK076, GM and ATL. 
The analyses are summarized in figures 25, 26 and 27. The com- 
plete failure envelope was drawn for each sample using only two 
"combined" shear strength tests. The remainder of the test re- 
sults were plotted onmo same Theure for comparison, There was 
TT Chablis ae Aa orrela tion between the total shear strength en- 


۳۰۰۰٠٠٠٠٠٠٠٠٦٦٠٦ ٠٦٦٦٦٦ ٦٦٦٦٦٦1-4666 points. As previously mentioned, 





۱ 
i ü 


1 
۱۳ انا‎ Of this investigation seem to indicate that the dir- 
ect shear line between o 0 O and SR D 1S"WOL exactly parallet 
1 ۲ ۲ Vane shear line in this area but is slightly steeper. Fig- 
Mes 22, 23 and 24 indicate the slope that best represents the 
s CL Shear qata points in the region oem OF exe, Oe ie e for sam- 
ples KK076, GM and ATL. These figures indicate that the slope 
wache portion of the direct shear envelope for S < P. 1 70 
than 4 م‎ obtained from the vane shear results by approximately 
NELS. 2.09. 3.09. respeetively for samples KK076, GM and ATL. 
This would seem reasonable since theoretically the vane shear 
pc only measures cohesion; therefore if the portion of the 
"oct shear line for ore s S were parallel to the vane shear 
tine, it too, would only measure "cohesion". It is generally 
moeeepuead that since the direct shear test is run under a normal 
Heu S that it Measures both “cohesion and “friction”. Accord- 
iv. iC would Ge expected that the slope of the direct shear 
pete Tor Ee P. would be greater than that of the vane shear 
weep by the amount of the "frictional" component. Figure 28 
illustrates this Een, ۴۰۶1۷۱1776116166 of 9 p» all the terms 
of figure 28 are the same as those of Webb's theory of "combined" 
Asis Of shear strength as depicted on figure le. Pr is Che 
Ee of the slope of the friction component of the total failure 
eel One in vthewevepreensolidated range of the plot for ges s Ee 
. s C oi fromthe results of this investigation, it is felt 
MEE Webb*s theory should be modified to reflect a on 
nes portion ol the direct shear line for ee Po: 
EJcdEoSnmedimitewMdata mugs "TrICLION component should be ap- 


Broximalely 2° - 3° for op as showneon figure 20. 
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Duos ber polarstchat merits discussion is the fact that the 
cohesion value at m Ü mee aimeds"Ilrom the direct shear test, 


5 Ee ۱۷6 37:66 C avwe @onsiderably=airrerent. for 


e AD 


zen ol the three samples. Theoretically, these values should 
Eu] so that AC is zero (refer to fig. I2). “lt was thought 
a” perhaps tae water content or the plasticity index might show 


some correlation between C. anar because Ol che idea thal the 


d 
meemetry Of the failure planes seem to be a function of water 
Semvent. Figures 29 and 30 plot the ratio of C Cg versus water 
entent and plasticity index at Cas O for the three specimens 
used in this investigation. The data is scattered and no real 
Gase at op can be drawn except that the ratio, Co Ca: IS bio 
unge 0.66 to 0.76. Another thought was that the two tests 
measure shear resistance along planes orthogonal to one another 
and that due to the platy shape of the clay particles the shear 
Resistance along the horizontal plane might differ from that 
akng a vertical plane. Limited testing was accomplished with 
Mnemmane LeESt in both the vertical and horizontal directions. It 
was found that the shear resistance along the horizontal plane 
was actually less than that along a vertical plane which would 
wise the CSC. 22610. bo. be fTürcher divergent “and increase AC. 


mer most likely explanation of the difference between C. and Cu 


d 
aun the failure meehanism of both tests and how it relates to 
the current theory.  Presently, the shear stress of the direct 
mer test result is the smear force required to move the shear 
boxes relative to one another divided by the cross-sectional 


mcd GI wnemoanple. In the vane shear test the shear stress 


ta lentas the torque required to turn the wane divided by the 
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(Mist moment of the cylindrical area that the ends of the vanes 
puesunceribe. In this investigation a one-inch diameter, one inch 
deep vane was pushed one-half inch into the sample while running 
the vane shear test. As the test was performed and the soil 
eet chewvanes initially did not cut out a cylindrical sec- 
ron, but tension cracks commenced propulgating away from the 
ends of the vanes, and also from the ends of the vanes toward 
the interior of the vane shaft. This apparently weakened the 
temple so that with subsequent rotation of the vane the peak of 
the shear stress versus strain curve (fig. 7), was consistently 
lower by a constant amount than the direct shear line in the 
region Das Pe 

-As discussed and illustrated in Chapter I, present state- 
of-the-art criteria for designing marine foundations still con- 
sists mainly of empirical formulas. One of the key components 
i hese formulas for bearing capacity, pile capacity or up- 
IA” capacity is the value of C, undrained shear strength. There 
are many methods for determining the undrained shear strength of 
a marine clay suel a5 TORVANE, cone penetrometer, triaxial com-— 
MeessiOn, vane Shear, direct shear or fall cone. However, each 
of these tests has advantages and disadvantages, as described in 
۶٥ہ‎ il, with no general agreement as to which is better. The 
geotechnical engineer must use his own judgement, which may be 
s cod by availability of test equipment, magnitude of pro- 
mececd project, his own confidence in particular tests, etc. in 
choosing the undrained shear strength tests that he will specify. 
Meal probably require that a combination of these methods be 


Mari instar. realistic values of C. The author feels that 





Il 
by using the "combined" vane and direct shear method discussed 
mimthas paper, reliable data will be produced with considerable 
Feng conseryatıion and reduced time for testing, which makes 
the method attractive from an economical standpoint. 

ar summary. it i- felt chat the “combined vane and direct 
Smear analysis will provide an economical, consistent and real- 
meme procedure to the geotechnical engineer for determining 
mie undrained shear strength of marine clays. The method is 
pele, direct and does not require complicated equipment. It 
EN U-culy reproducable and provides a permanent documentation of 
Meow results. As in most laboratory analysis; it is mandatory 
٩1 cscorouscsdheprance to svrPrICt. consistent laboratory pro- 
cedures be observed in order for the data collected to be use- 


able and representative. 
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VI 


CHAPTER Vi 


CONCLUSIONS AND RECOMMENDATIONS 


== Conclusions 

hie come lesions sor “LaiS Investigation are: as follows: 
With pucorncusscomupoband Consistency of laboratory procedures. 
Medios Strain controlled Testing and electronic data Printout, 
ae tests and data resulting from the direct shear and vane 
shear procedure described herein are both reliable and re- 
producible from one researcher to the next. 
۳۰۰۰۳٢ similar results on tests of clay samples from the Pacific 
®ceean, Gulf wee Mexico, and the Atlantic Ocean, the "combined" 
theory for "Total Failure Envelope" is a general theory that 
can be used (with slight modification) for any and all marine 
avs regardless of water content, deposition rate, geographic 
1 jO fu Leni p و‎ uo. 
When using the "combined" theory, the slope of the portion of 
۱۳۱۱ 1101 smear failure envelope for oe s P. should be in- 
rea seca” approximately 2. = 3 (9 po) to more closely approxi- 
mate the failure envelope in this region (see figure 20). 
Bor each sample there is a constant- difference between Ca and 
- in the range ois O LO ban This difference appears to be 
2 too: he dif terences Devween failure mechanisms for 
the direct and vane shear tests and present theory used to 
calculate shear stress in each case. The ratio of Cuv/ Ca 
vales ITO OCCO LO 0776 پت‎ consistent underestima- 
tato is near نل‎ by the vane shear vesc. 


Acceptance of the "combined" shear testing procedure will 
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significantly reduce the number and size of sample specimens 
e QquUareda and she number of laboratory tests required to de- 
|| اك‎ LINE seobechnical properties of marine clays. 
The values of "C" and "4" obtained from this "combined" 
asas car DE 23117 ana readily used in the present empiri- 
۳ O 25 ؛‎ 12172 utilized to determine the strength of the 


een 1 ۱ 00 ier tne design of foundations for ocean structures. 


VI - 2 Recommendations 

1. A procedure could be arranged to measure pore pressure 
during the direct and vane shear tests allowing analysis of shear 
eur eneth in terns of effective normal stresses rather than total 
Pormal stresses. 

2. By using larger diameter samples and a special pressure 
plate it may be possible to run the vane shear test under a nor- 
UEM Stress rather than removing the normal stress during the 
pone test. This should give much better correlation between 
the direct and vane shear test results. 

F FG O Ot enCial lies in the arca ol Standardizing the 
vane shear test, i.e., diameter of vane, depth of vane, depth 
vane is pushed into sample and rate of rotation of vane, etc. 

4. A correlation between the "combined" Sege strength analy- 
sis presented herein and the results of triaxial tests would be 


=, great interest. 
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í Percentage 07, Serengsth 
Description Sensitivity Lost 6٣۶ ع1127‎ 





Insensitive Less then 1 1 Oo. 
 Slightly Sensitive ìl e 2 | 0 - 50 

Hediun sensitive 2 8 k | ۳ 50 - 15 

Very sensitive k- H À 75 - 61.5 

835۶3 c 6 - 16. ۱ - 87.5 - 93.8 

Medíun quick 16 ~ 32 l 93.8 - 96.9 

Yery quick f «Greater than 32 Greeter then 96.9 


- Table 1] en o een Cvi ty After Buchan; -Ct al, reference 15 
posee) 


* 





Shear Bulk Water : 
bepth in 8۹1 7 e th Void Density Content OPECI Te 
Core (emd 00+1000“ 70 

20 45 3702 232۳7 1011 c 
40 57 3.58 1,305 132 2 
50 | 53 3.21 7ھ(‎ 118 2-7 
80 55 SC 1.390 role 2.68 
100 43 3a) AT 116 DO 
120 : TR 20209 1.392 123 SE 
140 53 "TONG. ERO. X 138 oll 
1^0 10 3.18 1.400 119 2 
180 15 3.03 INS 113 2.68 
200 93 2.62 1.442 . 105 2360 
220 113 3202 INO 114 و‎ 
20 126 326 1.4268 107 2 
250 2413 29 (0-1 109 2.72 
270 RER د‎ 2 1 17 ) D 
310 130 کے‎ 1.555 > 102 2.71 
320 تت‎ (27 2.80 2.444 104 | 209 
340 133 2.85 1.462 103 07و2‎ 
350 110 2.81 1.455 101 2a 
> "- 135 2 1.158 102 2.73 
LOO 143 2.73 1.455 OO 2.3 
120 . 157 2.50 1.170 95 Cee 
lio 157 2.54 3 . 93 DUE 
1180 175 2.57 1.500 92 Do 
500 180 2.55 1.405 93 2 
520 197 2.51 O 97 22170 
SLO 105 2.53 1.404 92 D 
550 230 uel 1.495 91 Pie 
500 225 O ION 88 oo 
520 220 2.30 125250 84 Boe 
Glo | eho 22235 1.525 85 - cn 
650 217 pun S ess 85 SUIT 
680 253 236 1.525 85 OMIT 
120 0 220 jo 84 یل‎ 1: 
Tho 257 2-7 1.524 82 2.7! 
750 21 2.20 1.510 +9٦ 2.73. 
800 273 2.31 1.523 85 QS 
850 277 2.38 1.505 88 2,71 


Table 2 Geotechnical properties of a typical core from deeper portions of 
the Gulf of Mexico(After Bouma, reference 4 pg. 32). 
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' number ar per هان‎ € Icentimeters 
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Medilerranean 







A-31 ds 0.C5 0.07 1:2 JOKI 
sedilerranean | B-23 0.0 0.02 0,04 2.8 034 
Mediterranean | B-67 1.6 0.03 0.15 2 0,34 
ء٣3‎ 6۲٢۲۹۰7۸۲152006 6156 21 0.045 0.15 1.5 10.26 
North Atlantte [C-18 2.] 0. C4 0.16 1 0.55 
Korth Atlantic |C-20 1.1 0.0 0.2 2 0,59 
West Atlantic | D-15 6 0.1 Q.2 1 0.75 
West Atlantic |F-6 5.1 0.1 0.15 0.4 {0.63 
¿West Atlantic |F-11 4.8 ! 0.2 0.7 10.83 
West Atlantic |G-6 2-5 1:2. Wiles 
East Pacific I-NACA| 0.5 一 0.71 
“East Pachic J-23 一 。 一 0.9 





Term po = Lhe cflectivo overburden prossyre; fo + theestimaledprecoasolidatlon pres- 
Svre based on Casagrande method; C, © the undrained shear strength, In kilograms per 
gquare centimeter; C. = compression index; and C, = coeffictent of ccasolicalion, 





Table 3 Properties of near surface samples from the sea floor(After Noorany, 
References wpa. 1/ 45). 
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Figure 2 Cone penetrometer 
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Figure 3 Cone penetration data compared to vane shear data 
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Figure 9 Shear strength diagram(After Hvorslev, reference 1, pg. 175). 
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Figure 9 Shear strength hysteresis loop(After Hvorslev, reference 1 pg. 175) 
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Figure 10 Determination of the cohesion and friction components, Co and 
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Figure 11 Water Content vs. log consolidation pressure(After Hvorslev, 
reference 1, pg. 196). 
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